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SUMMARY 

I n  view of d i s c u s s i n g  t h e  passage of l i g h t  through t h e  o u t e r  s p a c e  medium, 
v a r i o u s  hypotheses  a r e  invoked t o  f i n d  t h e  c a u s e s  induc ing  t h e  s p i n n i n g  and 
o r i e n t a t i o n  od cosmic d u s t  p a r t i c l e s .  
l a r ,  as w e l l  as i n t e r p l a n e t a r y  space .  
gas  f lows  are  d i s c u s s e d .  
a tmospheres  i s  a l s o  examined. 

These phenomena are examined i n  i n t e r - s t e l -  
The r o l e s  of s o l a r  wind p r o t o n s  and of 

The behavior  of cosmic d u s t  p a r t i c l e s  i n  p l a n e t a r y  

* 
* *  

1. Data on c o n c e n t r a t i o n  and p h y s i c a l  p r o p e r t i e s  of cosmic d u s t  are 
i n d i s p e n s a b l e  f o r  the d e s c r i p t i o n  of l i g h t  passage  through t h e  o u t e r  s p a c e  
medium, t h e  e x p l a n a t i o n  of Zodiaca l  l i g h t ,  t h e  c o n s t r u c t i o n  of cosmogonic 
hypo theses  and so  f o r t h .  Observa t ions  show that when l i g h t  t r a v e r s e s  cosmic 
d u s t  c l o u d s ,  i t  i s  p o l a r i z e d  and p a r t i a l l y  abso rbed ,  p a r t i c u l a r l y  i n  t h e  s h o r t -  
wave r e g i o n  of t h e  spec t rum.  L igh t  p o l a r i z a t i o n  i s  a p p a r e n t l y  due t o  t h e  scat- 
t e r i n g  of d u s t  p a r t i c l e s  having  a non- sphe r i ca l  shape  o r  s h a r p l y  a n i s o t r o p i c  
p r o p e r t i e s  and o r i e n t e d  i n  o u t e r  space .  

I n  most of t h e  hypotheses  e x p l a i n i n g  t h e  o r i e n t a t i o n  of d u s t  p a r t i c l e s  
i t  is  p o s t u l a t e d  t h a t  t hey  con ta in  f e r romagne t i ca toms .  When such a p a r t i c l e s  
s p i n s  i n  t h e  i n t e r s t e l l a r  magnetic f i e l d ,  i t s  a n g u l a r  moment is  l i n e d  up a long  
t h e  l i n e s  of f o r c e .  However, t he  a l ignment  t i m e  is g r e a t ,  some l o 6  y e a r s .  It 
is  comparable  w i t h  t h e  t i m e  of d u s t  c loud  e x i s t e n c e  and is  less than  t h e  cha- 
racterist ic t i m e s  o f  g a s '  t u r b u l e n t  motion.  Moreover, t h i s  h y p o t h e s i s  r e q u i -  
res an  anomalously l a r g e  d i s t r i b u t i o n  of ferromagneticsubstances. 

I n  a n o t h e r  h y p o t h e s i s ,  t h a t  of Gold [ Z ] ,  t h e  o r i e n t a t i o n  i s  cons ide red  
unde r  t h e  a c t i o n  of i n t e r s t e l l a r  g a s '  s u p e r s o n i c  flow. The t o t a l  moment of 
a d u s t  p a r t i c l e  induced by atomic gas  i m p a c t s  i s  de termined  as M = M, + M I '  
where Mn is a moment from c o l l i s i o n  w i t h  c h a o t i c a l l y  moving atoms,  and M, is  

(*) VRASHCHENIYE I ORIENTATSIYA KOSMICHESKIKH PYLINOK 



2 

-f -f M = Cmr, x 
mass gf t h e  atom, v is  t h e  f low v e l o c i t y ,  rn i s  t h e  r a d i u s - v e c t o r  from t h e  cen- 
ter  of t h e  d u s t  p a r t i c l e  t o  t h e  p o i n t  of  i m p a c t ,  2 i s  t h e  sum by a l l  impacts .  
The q u a n t i t y  
p r o b a b i l i t y  of impact on one s i d e  of t h e  p a r t i c l e ’ s  c e n t e r  of g r a v i t y  is e q u a l  
t o  t h e  p r o b a b i l i t y  of impact from the  o t h e r  s i d e ,  wh i l e  f l u c t u a t i o n s  were d i s -  
r ega rded  by Gold. 
magni tude t o  one addend,  i. e. $0 t h e  moment ob ta ined  from a s i n g l e  a tomic  g a s  
impact .  The c h a o t i c  component M o  approaches t h e  l a r g e  e q u i l i b r i u m  v a l u e  

M, + (3kTI) ’2, 

is  t h e  moment from c o l l i s i o n s  w i t h  t h e  d i r e c t e d  f low;  2 is t h e  
-f 1 

is p e r p e n d i c u l a r  t o  t h e  f low,  bu t  ift i s  ve ry  s m a l l ,  s i n c e  t h e  

Th i s  is  why t h e  sum w i t h  respect t o  2 is e q u a l  by o r d e r  o f  

where I is  t h e  moment of i n e r t i a  of t h e  d u s t  p a r t i c l e  and T is  t h e  t empera tu re  
of t h e  g a s .  Inasmuch as i n  t h o s e  c o n d i t i o n s  no n o t a b l e  moment o r i e n t a t i o n  can 
be  expec ted ,  t h e  Gold h y p o t h e s i s  f a i l e d  t o  become widespread.  

I n  a l l  t h e  above hypotheses  no a t t e n t i o n  w a s  g iven  t h e  f l u c t u a t i o n  of t h e  
number of impacts  of i n c i d e n t  p a r t i c l e s  on v a r i o u s  s i d e s  of d u s t  par t ic le ’s  
c e n t e r  of g r a v i t y .  Meantime, t h i s  is  t h e  s i t u a t i o n  which p r e c i s e l y  l e a d s  t o  
a q u a l i t a t i v e l y  new s i t u a t i o n  a s s u r i n g  a r a p i d  o r i e n t a t i o n  of d u s t  p a r t i c l e s ’  
moments. We s h a l l  demons t r a t e  t h a t  d u s t  p a r t i c l e s  o r i e n t  themselves  under  t h e  
a c t i o n  of c o r p u s c u l a r  and l i g h t  f l u x e s  o r i g i n a t i n g  from t h e  Sun and stars, and 
of g a s  f lows  i n  t h e  o u t e r  space.  L e t  us  stress t h a t  d u s t  p a r t i c l e s  o r i e n t  them- 
selves n o t  o n l y  i n  t h e  i n t e r s t e l l a r ,  b u t  a l s o  i n  t h e  i n t e r p l a n e t a r y  s p a c e  and 
even  i n  t h e  atmosphere.  

2. L e t  us  c o n s i d e r  a d u s t  p a r t i c l e  i n  i n t e r p l a n e t a r y  space .  P ro ton  f l u x  
of s o l a r  wind and Sun’s l i g h t  emiss ion  act  upon i t .  
s i m p l i c i t y  t h a t  t h e  d u s t  p a r t i c l e  is symmetr ica l  r e l a t i v e  t o  i t s  center of gra-  
v i t y .  
s i d e  from i ts  c e n t e r  f o r  t h e  t i m e  t. The p r o b a b i l i t y  of h i t t i n g  by a s p e c i f i c  
number o f  p ro tons  i s  g iven  by Poisson  d i s t r i b u t i o n .  The p r o b a b i l i t y  t h a t  f o r  
t h e  t i m e  t ” m o r e  p ro tons  w i l l  be  i n c i d e n t  on one s i d e  than  on t h e  o t h e r  is  

Assume f o r  t h e  s a k e  of 

L e t  w p t  be  t h e  mean number of p r o t o n s  i n c i d e n t  on t h e  p a r t i c l e  on  one 

The root-mean-square v a l u e  of t h e  e x c e s s  of t h e  number of p ro tons  

n 

rises p r o p o r t i o n a l l y  t o  t h e  s q u a r e  r o o t  of f l u x ’ s  a c t i o n  t i m e .  

The ave rage  moment a c q u i r e d  by t h e  d u s t  pa r t i c l e  d u r i n g  t h e  t i m e  t as a 
r e s u l t  o f  t h e  f l u c t u a t i o n  o f  t h e  number of p r o t o n s  h i t t i n g  i t  i s  

4 

M = nt [ p , ~ p ]  ( 2 W p t )  ”’, ( 3 )  

where 3 
parameter. 

i s  t h e  mean v e l o c i t y  of p r o t o n s ,  and 6 is  t h e  mean v a l u e  of t h e  impact P 



Let us  c o n s i d e r  a uniform d u s t  p a r t i c l e  w i th  dimensions B = C a long  two 
axes  and A = y5 a l o n g  t h e  t h i r d  a x i s ,  where l's 1.The  motion o f  such  a d u s t  
p a r t i c l e  is  composed of s p i n n i n g  around a x i s  and p r e c e s s i o n  abou t  t h e  d i r e c -  
t i o n  M. 
t h e  s h o r t  a x i s  i s  g r e a t e s t ,  f o r  t he  h i g h e s t  v a l u e  of  t h e  mean impact parameter  
PA = yB / 4 corresponds  t o  i t .  
t h e  moment i s  de termined  by t h e  w e l l  known formulas  o f  motion o f  a symmetrical 
t i p - t o p .  

-+ 
I f  t h e  p a r t i c l e  i s  s t r e t c h e d  (y i l), t h e  component o f  t h e  to rque  around 

and t h e  d i r e c t i o n  o f  The a n g l e  between t h e  a x i s  

The a n g u l a r  v e l o c i t y  of  p a r t i c l e  s p i n n i n g  abou t  a x i s  1 and i t s  p r e c e s s i o n  -+ 
around M are  r e s p e c t i v e l y  e q u a l  t o  

where I ,  = yB"S I G, I I ;  = IC = y ( 1 +  +)B% I12 are t h e  moments of i n e r t i a  and 6 is  
t h e  d e n s i t y  of  t h e  d u s t  p a r t i c l e .  

The f l u x  o f  s o l a r  wind pro tons  a t  t h e  d i s t a n c e  I from t h e  Sun is  Jp = nvp, 
where n = Q/vpr2 i s  t h e  c o n c e n t r a t i o n  of  p r o t o n s .  
t h e s e  p r o t o n s  o f  h i t t i n g  t h e  p a r t i c l e  i s  2w 
of  p a r t i c l e ' s  s u r f a c e  on a p l a n e  pe rpend icu fa r  t o  the f l u x .  

The p r o b a b i l i t y  f o r  one of  
= JpS,  where S is  t h e  p r o j e c t i o n  

Thus,  

M = nL [ p, vI1] ( J p ~ l ) ' i a .  

For s o l a r  wind p ro tons  (wi th  energy Q 1 kev)  t h e  d u s t  p a r t i c l e  i s  p r a c t i c a l -  
l y  a blackbody.  The d a t a  on l i g h t  s c a t t e r i n g  and p o l a r i z a t i o n  p o i n t  t o  t h e  f a c t  
t h a t  t h e  shape  of cosmic d u s t  p a r t i c l e s  i s  f a r  from s p h e r i c a l  and t h a t  t h e i r  d i -  
mensions are  most probably  'L - 10-5cm. Meteor d a t a  a t tes t  t o  t h e  f a c t  t h a t  
t h e  d e n s i t y  v a l u e s  o f  d u s t  p a r t i c l e s  have a wide range  from 0.05 t o  8 g.cm-'. 

Assuming f o r  example B = lo-' c m ,  p = 5.10-' c m ,  S ==: lo-' c m ,  y = 2 ,  6 = 1 
g cm-3 a t  t h e  d i s t a n c e  of  1 a . u .  = 1.5  1013 c m  f o r  a v e r a  e v a l u e s  n = 5 ~ m - ~ ,  
vp = 3.107 cm-sec-', w e  s h a l l  o b t a i n  a to rque  M S 3.10q2' 6; t h e  cor responding  
a n g u l a r  v e l o c i t i e s  w i l l  be  OA= w There fo re ,  t h e  a n g u l a r  
v e l o c i t y  of  a d u s t  p a r t i c l e  a t t a i n s  0 .6  rad .sec- '  as e a r l y  as i n  t h e  cour se  of  
t h e  f i r s t  second of i ts  s o j o u r n  i n  t h e  f l u x ;  i n  24 hours  i t  r e a c h e s  200 r ad - sec - '  
and i n  t h e  cour se  o f  one y e a r  3 l o 3  r a d - s e c - ' .  I f  t h e  dimensions of  t h e  d u s t  
p a r t i c l e  are 'L cm, i t s  angu la r  v e l o c i t y  is approximate ly  100 t i m e s  g r e a t e r  
t h a n  t h a t  i n d i c a t e d ;  however, such t i n y  d u s t  p a r t i c l e s  are wiped o u t  by r a d i a l  
p r e s s u r e  from t h e  s o l a r  system. 

0.6 6 rad.sec". P r  

The r o t a t i o n  of  d u s t  p a r t i c l e s  may be induced n o t  on ly  by a d i r e c t e d  f l u x  
of  p r o t o n s ,  b u t  a l s o  by a f l u x  of  photons a r r i v i n g  from t h e  Sun. I n  t h i s  case 
w e  s h a l l  have ,  ana logous ly  t o  (6)  
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hv i s  t h e  mean energy of  photons and Jy i s  t h e i r  f l u x  a t  t h e  d i s t a n c e  r from 
t h e  Sun. 
t a k i n g  i n t o  account  t h a t  t h e  bu lk  of t h e  s o l a r  wind i s  n e a r  t h e  energy range  
hv X l  ev  w h i l e  a t  t h e  d i s t a n c e  r = 1 a . u .  t h e  emiss ion  f l u x  i s  % 2.1017 photons /  
/ c m 2 * s e c ,  w e  s h a l l  o b t a i n  ?I FZ 1.2 .10-22f i ,  i. e. t h e  e f f e c t  from t h e  l i g h t  f l u x  
is by one o r d e r  smaller than  t h a t  from t h e  s o l a r  wind. 
t h e  Sun, where c o r p u s c u l a r  stream l o s e s  i t s  d i r e c t e d  v e l o c i t y ,  t h e  l i g h t  f l u x  
may become t h e  main f a c t o r  i nduc ing  t h e  s p i n n i n g  of d u s t  p a r t i c l e s .  

Cons ide r ing  an i d e n t i c a l  d u s t  p a r t i c l e  a s  i n  t h e  p reced ing  case, and 

However, a t  range from 

4 .  I t  i s  e v i d e n t  t h a t  a l l  t h e  p reced ing  r eason ings ,  w i t h  t h e  e x c e p t i o n  of 
q u a n t i t a t i v e  estimates, are a l s o  r e l a t e d  t o  d u s t  p a r t i c l e s  n e a r  s tars,  i n  t h e  
i n t e r s t e l l a r  space  and i n  gas-dust  nebuale .  Numerous d a t a  are a v a i l a b l e  on gas  
flow i n  nebu lae ,  b u t  t h e r e  i s  no b a s i s  t o  c o n s i d e r  t h a t  gas  and d u s t  are t h e r e  
i n  e q u i l i b r i u m .  E x t e r n a l  f a c t o r s ,  such as l i g h t  p r e s s u r e ,  magnet ic  f i e l d ,  
f l u x  i n t r u s i o n  from w i t h o u t  and so f o r t h ,  i n f l u e n c e  i n  d i f f e r e n t  f a s h i o n  t h e  g a s  
and d u s t  components o f  nebu lae ,  and one  i s  l e d  t o  b e l i e v e  t h a t  t h e  motion of  g a s  
r e l a t i v e  t o  d u s t  t a k e s  p l a c e  a l l  the  t i m e .  Analogously t o  s o l a r  wind, gas  f lows 
a l s o  r e s u l t  i n  p a r t i c l e  s p i n n i n g .  Alongside wi th  t h e  d i r e c t e d  mot ion ,  g a s  par -  
t i c l e s  p a r t i c i p a t e  i n  c h a o t i c ,  thermal  motion,  which r e s u l t s  i n  t h e  appearance  
of  an  i s o t r o p i c  component of d u s t  p a r t i c l e  to rque .  The r a t i o  o f  t h i s  comp n e n t  

acco rd ing  t o  ( 6 ) ,  where v i s  t h e  d i r e c t e d  and VT i s  t h e  c h a o t i c  v e l o c i t y  o f  g a s  
p a r t i c l e s .  For  u > iqT8 t h e  moment s e t t l e s  p e r p e n d i c u l a r l y  t o  t h e  f low.  A t  long 
d i a t n a c e  from stars t h e  l i g h t  f l u x  (Jv "2 lo9 photons/cm2 s e c )  cannot  create  a 
n o t a b l e  o r i e n t a t i o n  o f  d u s t  p a r t i c l e s '  t o rques  s i n c e  t h e  d i s o r i e n t a t i o n  a t  co l -  
l i s i o n s  w i t h  i n t e r s t e l l a r  gas  p a r t i c l e s  i s  more e f f e c t i v e  t h a n  t h e  o r i e n t a t i o n  by 
l i g h t .  

t o  t h a t  p e r p e n d i c u l a r  t o  t h e  f l u x  is  p r o p o r t i o n a l  t o  t h e  q u a n t i t y  (vT v)  9 2  , 

The o r i e n t i n g  a c t i o n  of t h e  flow w i l l  c e a s e  when t h e  d u s t  p a r t i c l e  w i l l  
a c q u i r e  i t s  v e l o c i t y .  The s t a n d a r d  estimates of c o n c e n t r a t i o n  and t empera tu re  
i n  t h e  n e u t r a l  hydrogen i n  i n t e r s t e l l a r  space  ( i n  t h e  H I  zone) cor respond t o  

1711 ,- 10 (.>1r3,- T % 100" I<, i . e .  t o  t h e  the rma l  v e l o c i t y  L'r M 1,5. LOi cm/sec. The 
mot ion  o f  f l u x e s  i n  t h e  zone H I  ( f o r  example,  as a r e s u l t  o f  hydrogen c a r r y i n g  
a s  zone H I1 expands)  t a k e s  p l a c e  wi th  v e l o c i t i e s  vo  > l o 6  cm/sec. 
t y  of a c a r r i e d  p a r t i c l e  i s  determined by  t h e  equa t ion  

The v e l o c i -  

,7t3g =- ~ / ~ ~ ~ t ~ ~ ~ Y ( t ~ ~  u) ' ,  

where K i s  t h e  accomodation f a c t o r ,  mg = Y B 3 6  is  t h e  mass o f  t h e  d u s t  p a r t i c l e ,  
S = yB2 i s  i t s  area tu rned  toward t h e  f l u x ,  
w i l l  be a t t a i n e d  i n  t h e  t i m e  Tp ~ ~ ~ ~ ~ [ ~ ' ~ ( ~ I I  U ) W ~ U Z S ] - ' .  For d u s t  p a r t i c l e  w i t h  
6 = 3 g ~ c m - ~ ,  B = 5.10d5 cm and K 

l o 6  y e a r s .  
mean a n g u l a r  v e l o c i t y  pe rpend icu la r  t o  t h e  f low,  Wpr  = 3.105 sec- . 

6 i s  t h e  d e n s i t y .  The v e l o c i t y  

1, t h e  v e l o c i t y  u x 0,s u o w i l l  be  a t t a i n e d  i n  
During t h a t  t i m e  t h e  d u s t  p a r t i c l e  w i l l  succeed i n  ac u i r i n g  t h e  9 

O r i e n t a t i o n  d i s r u p t i o n  of d u s t  p a r t i c l e s  may t a k e  p l a c e  n o t  o n l y  on account  

I f  a d u s t  p a r t i c l e  w i th  dimen- 
of c o l l i s i o n s  w i t h  c h a o t i c a l l y  moving atoms o r  w i th  one a n o t h e r ,  b u t  a l s o  as a 
consequence  of !recession i n  t h e  magnet ic  f i e l d .  
s i o n s  B = 5 10- c m  h a s  a 0 .03  v p o t e n t i a l ,  t h e  v e l o c i t y  o f  i t s  p r e c e s s i o n  i n  a 
magne t i c  f i e l d  w i t h  H = lo-'  oe w i l l  be  Ci y l O - "  sec- '  , i. e.  i t s  o r i e n t a t i o n  
w i l l  b e  d i s r u p t e d  by about  1000 y e a r s .  
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We s h a l l  n o t  compute h e r e  t h e  parameters c h a r a c t e r i z i n g  t h e  p o l a r i z a t i o n  
of l i g h t  s c a t t e r e d  by o r i e n t e d  p a r t i c l e s ,  though t h i s  q u e s t i o n  ca l l s  f o r  a more 
thorough c o n s i d e r a t i o n  t h a n  t h e  one made i n  t h e  works [l - 31. The r e s u l t s  of 
t h e  l a t t e r  may b e  u t i l i z e d  f o r  t h e  estimates o f  p o l a r i z a t i o n .  Note t h a t  t h e  
o r i e n t a t i o n  of d u s t  p a r t i c l e s  i n  i n t e r p l a n e t a r y  space must b e  taken i n t o  account  
when i n t e r p r e t i n g  t h e  p o l a r i z a t i o n  o b s e r v a t i o n s  of comets,  Z o d i a c a l  l i g h t  and 
gegenschein.  

5 .  I n  t h e  E a r t h ' s  and p l a n e t a r y  atmospheres  d u s t  p a r t i c l e s  are under t h e  
action of  wind.  
much g r e a t e r  t h a n  t h e  s i z e  of p a r t i c l e s ,  wind induces  s p i n n i n g  and o r i e n t a t i o n  
of d u s t  p a r t i c l e s '  moments i n  t h e  same way, as d e s c r i b e d  above. I n  t h e  d e n s e  
l a y e r s  of  t h e  atmosphere,  where t h e  mean f r e e  p a t h  is s m a l l ,  d u s t  p a r t i c l e s  ra- 
p i d l y  a c q u i r e  t h e  v e l o c i t y  o f  t h e  wind and are c a r r i e d  w i t h  i t .  T h i s  phenomenon 
is  immaterial f o r  cosmic d u s t  p a r t i c l e s ,  f o r  t h e  t i m e  r e q u i r e d  f o r  t h e i r  c a r r y i n g  
by s o l a r  wind o r  gas  f lows  i s  v e r y  l o n g .  I n  t h e  dense  atmosphere en t ra inment  
t i m e  by t h e  wind is s h o r t ,  w h i l e  t h e  s p i n  d e c e l e r a t i o n  i s  g r e a t .  This  i s  why no 
s t a t i o n a r y  s p i n n i n g  o c c u r s .  N e v e r t h e l e s s ,  o r i e n t a t i o n  may arise i n  t h e  p r e s e n c e  
of wind v e l o c i t y  g r a d i e n t  i n  a d i r e c t i o n  p e r p e n d i c u l a r  t o  t h e  f low,  whereupon 
i n  t h e  g i v e n  case what i s  o r i e n t e d  i s  n o t  t h e  a n g u l a r  moment b u t  d i r e c t l y  t h e  
a x i s  of t h e  d u s t  p a r t i c l e .  To d e s c r i b e  t h i s  case w e  may t a k e  advantage  of t h e  
w e l l  known r e s u l t s  about  t h e  o r i e n t a t i o n  of s t r e t c h e d  molecules  i n  t h e  f low [ 4 ] .  
The number of d u s t  p a r t i c l e s ,  whose axes form a n  a n g l e  Q w i t h  t h e  d i r e c t i o n  o f '  
t h e  flow, is determined by t h e  e x p r e s s i o n  

For  t h e  a l t i t u d e s  where t h e  mean f r e e  p a t h  of  molecules  is  

I t  was assumed when d e r i v i n g  (8) t h a t  a l l  d u s t  p a r t i c l e s  are i d e n t i c a l  
and have  t h e  shape of t h i n  r o d s  with l e n g t h  1, w h i l e  t h e  g a s  f low is  d i r e c t e d  
a l o n g  t h e  a x i s  z and h a s  a v e l o c i t y  g r a d i e n t  (avz/ay)  a l o n g  t h e  a x i s  y.  Here 
TI i s  g a s '  v i s c o s i t y  f a c t o r ,  T i s  i t s  tempera ture  and k is  t h e  Boltzmann c o n s t a n t .  
The d i r e c t i o n  of d u s t  p a r t i c l e s '  p r e v a i l i n g  o r i e n t a t i o n  forms an a n g l e  of 45" 
w i t h  t h e  d i r e c t i o n  of t h e  f low.  For n o t  t o o  s m a l l  a tmospher ic  d u s t  p a r t i c l e s  
( I > .  
a i r  l a y e r s  a t  7' z 3.40: O l <  q Z 2-10-', (a(., / d y )  N" 0,1 and 2 l O % m  w e  s h a l l  
o b t a i n  a n  o r i e n t a t i o n  % l o  p e r c e n t .  

10-3cm t h e  degree of o r i e n t a t i o n  may b e  n o t  t o o  s m a l l .  For  example, i n  lower 
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